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Splitting due to tunnelling via the potential energy barrier has played a significant role in the study of
molecular spectra since the early days of spectroscopy. The observation of the ammonia doublet led to
attempts to find a phosphine analogous, but these have so far failed due to its considerably higher barrier. Full
dimensional, variational nuclear motion calculations are used to predict splittings as a function of excitation
energy. Simulated spectra suggest that such splittings should be observable in the near infrared via overtones
of the ν2 bending mode starting with 4ν2.
The umbrella mode in ammonia provides a textbook
example of tunnelling splitting.1 That the inversion of
pyramidal NH3 should lead to an observable splitting
of the energy levels was first theoretically predicted in
19322 and then detected using microwave spectroscopy
in 1934.3 The subtle effects of this tunnelling on the
energy levels of ammonia are now well-studied.4 As a
direct analogue of ammonia, phosphine can also be ex-
pected to display splitting of its energy levels due to the
tunnelling effect. However, splitting in PH3 is yet to
be observed, despite multiple attempts spread over more
than 80 years.5–11 Although otherwise similar to ammo-
nia, phosphine has a larger mass and a much higher and
wider barrier which makes for a much smaller splitting
of the energy levels1. Ab initio calculations of the energy
barrier for phosphine range from 12 270 cm−1 to 12 560
cm−1,12 while the only empirical estimate gave a slightly
lower value of 11 030 cm−1.13
Experimentally, the infrared spectrum of PH3 has been
well studied (see Table 1 of Sousa-Silva et al.14 and the
recent study by Devi et al.15). While most of this work
has concentrated on the region below 3500 cm−1, where
our calculations suggest the tunnelling splitting is very
small, Ulenikov et al.16 report observed spectra between
1750 and 9200 cm−1 and clearly demonstrate that PH3
spectra can be observed at higher frequencies.
Of all the possible phosphine modes, the tunnelling
effect should be most prominent in the symmetric bend-
ing mode, ν2, as it is the mode most strongly associated
with the height of the pyramid formed with the phospho-
rous atom on top. In ammonia the analogous ν2 mode is
known as the inversion mode. Figure 1 shows schemati-
cally the relationship between this mode and the barrier
to tunnelling for the phosphine molecule.
The ExoMol group works on constructing comprehen-
sive line lists for modelling the atmospheres of hot bodies
such as cool stars and exoplanets17. As part of this work
we have computed two line lists for 31PH3 in its ground
electronic state.14,18 The more accurate of these line lists,
called SAlTY,18 contains 16 billion transitions between
9.8 million energy levels and it is suitable for simulating
spectra up to temperatures of 1500 K. It covers wavenum-
bers up to 10 000 cm−1 and includes all transitions to
upper states with energies below hc · 18 000 cm−1 and
rotational excitation up to J = 46.
FIG. 1. Splitting of the energy levels for phosphine, showing
the splitting for the ground state and the vibrational excita-
tions up to v = 10 in the bending band ν2.
The PH3 line lists were computed by the variational
solution of the Schro¨dinger equation for the rotation-
vibration motion employing the nuclear-motion program
TROVE.19 The line lists were computed using C3v(M)
symmetry, considering phosphine as a rigid molecule
and thus with the potential barrier between the two
symmetry-equivalent minima effectively set to infinity.
Consequently, it originally neglected the possibility of a
tunnelling mode.
Tunnelling can be considered a chemical reaction and
as such it is very sensitive to the shape of the po-
tential energy surface (PES)1. The SAlTY line list
used a spectroscopically-refined version of the ab initio
(CCSD(T)/aug-cc-pV(Q+d)Z) potential energy surface
(PES).20 The value of splitting in various vibrational
states as well as the intensity of the inversion-rotation
and inversion-ro-vibrational lines can be computed by
adapting the procedure used to simulate the phosphine
spectrum to work with D3h(M) symmetry. D3h(M) is
the permutation inversion group for ammonia, since it is
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2much less rigid molecule than phosphine.
TROVE is used to compute differences between split
energy levels. Here we employ the same refined PES
as that used to compute the SAlTY line list to pre-
dict the splitting between states of A1 and A2 symmetry
for J = 0, considering a zero point energy of 5232.26
cm−1. The potential energy function and the kinetic en-
ergy operator are expanded (six and eight orders, respec-
tively) in terms of the five non-linearized internal coor-
dinates (three stretching and two deformational bend-
ing) around a symmetric one-dimensional non-rigid ref-
erence configuration represented by the inversion mode.
The vibrational basis functions are obtained in a two-
step contraction approach as described by Yurchenko et
al.21 The stretching (ν1 and ν3) primitive basis function
|vstr〉 (vstr = 0 . . . 7) are obtained using the Numerov-
Cooley method.22,23 Harmonic oscillators are used as ba-
sis functions for the bending (ν4) primitive, |vbend, with〉
(vbend = 0 . . . 24). For the ν2 inversion mode, primitive
basis functions, |vinv〉, are used. These were also gener-
ated with the Numerov-Cooley method, with vinv ≤ 64.
The phosphine barrier height values used in the
TROVE input were 11 130.0 cm−1 for the planar local
minimum with P–H bonds at 1.3611 A˚, refined from an
ab initio value of 11353.6 cm−1 for the local minimum at
1.3858 A˚. Both the ab initio and refined barrier heights
are extrapolated values from the potential parameters in
the PES. These values are somewhat lower than the pre-
vious, lower-level ab initio estimates but are in reasonable
agreement with the empirical estimate of Weston.13
To help assess the uncertainty in our predicted split-
tings, calculations were made using two different PES
surfaces, pre and post refinement, corresponding to the
surfaces used to calculate the phosphine line list at room
temperature,14 and the complete SAlTY line list,18 re-
spectively. Even though the refined PES resulted in a
significant improvement in the accuracy of the overall
phosphine line list, the predicted splittings agreed com-
pletely up to four significant figures.
Table I shows how the predicted splittings change as a
function of ν2 excitation. Splittings in the ground state
are known to be extremely small12 (our calculations sug-
gest about 10−10 cm−1) but increase significantly as the
ν2 mode is excited. All splitting predictions are con-
verged to within 40 % up to 7ν2; use of even larger inver-
sion basis sets (vinv > 64) became numerically unstable.
Our tunnelling splitting for the overtones of ν2 are
somewhat larger than those predicted by previous one-
dimension studies.10,12 This could have been anticipated
as it is well-known24 that the treatment of tunnelling
which considers all dimensions of the problem leads to
increases in the magnitude of the splitting (or faster tun-
nelling). Additionally, our lower value for the barrier
height also contributes to the larger predicted splitting
values.
Any observation of the tunnelling splitting in PH3 has
to consider a number of factors. First this splitting has
to be distinguished from the hyperfine structure. The
TABLE I. Calculated splitting for the ground state (GS), fun-
damental and excited bands of the bending mode ν2.
.
Band Energy18 Splitting (cm−1
GS 0.000 ≤ 10−10
ν2 992.136 2× 10−8
2ν2 1972.576 6× 10−7
3ν2 2940.810 1× 10−5
4ν2 3895.685 0.0001
5ν2 4837.223 0.0009
6ν2 5767.008 0.0028
7ν2 6687.601 0.0165
8ν2 7598.124 0.0525
9ν2 8494.683 0.6243
hyperfine splitting in PH3 has been observed
25,26 to be
less than 1 MHz or 4×10−5 cm−1 and should not increase
significantly with vibrational excitation. Consequently,
the splitting due to inversion should be distinguishable
from the hyperfine splitting for all bands associated with
vibrational excitation to 4ν2 and higher. Besides, the
nuclear statistics of PH3 as a D3h(M) symmetry molecule
should be also taken into account. For example, as in the
case of NH3, the ro-vibrational states of the A
′
1 and A
′′
1
symmetries have zero nuclear statistical weights gns and
thus forbidden, with grmns = 8, 8, 4 and 4 for A
′
2, A
′′
2 , E
′
and E′′, respectively.
FIG. 2. Transition moments (Debye, log scale) for excitations
from the ground vibrational states up to 16 000 cm−1. Tran-
sitions associated with ν2 mode excitations are highlighted.
Due to their reasonably large energy splittings, promis-
ing regions of possible detection are those of the sym-
metric bending bands, 6ν2 (≈ 5800 cm−1) and 7ν2 (≈
6700 cm−1). Their splittings are predicted to be approxi-
mately 0.003 cm−1 and 0.02 cm−1 for 6ν2 and 7ν2, respec-
3tively. Our calculations suggest that most intense lines in
this band have intensities of about 10−24 cm/molecule at
T = 296 K and should be easily observable with modern
instruments. Figure 2 summarises the dipole transition
moments to various vibrational states from the vibra-
tional ground state; transitions to the ν2 overtone series
associated with the tunnelling motion are highlighted.
However, detection will also depend on the location
of the splitting transitions as it may be difficult to dis-
tinguish the ν2 bands in regions of the spectrum that
are strongly populated by other bands. Figure 3 high-
lights the spectroscopic regions where splitting could be
detected in the context of the surrounding spectrum for
the 4ν2, 5ν2, 6ν2 and 7ν2 bands. In this context, the po-
sitions of the 4ν2 and 5ν2 bands appear to be particularly
promising for investigation, since they can be mostly iso-
lated from the surrounding stronger bands.
Figure 4 shows the predicted spectra in the region of
the strongest transitions for 4ν2 and 5ν2 bands, com-
paring spectra when the molecule is allowed to undergo
inversion and when tunnelling is not permitted. Addi-
tionally, Figure 5 shows how the 6ν2 and 7ν2 bands will
be harder to detect amongst the surrounding bands, de-
spite having much larger splitting values.
Our calculations show that the ν2 overtones display
splittings of a magnitude that should be resolvable with
modern experiments. We therefore hope that the the-
oretical predictions of phosphine tunnelling shown here
will be validated with experimental detection in the near
future. Simulated spectra for other regions and/or condi-
tions can be provided by the authors to aid this process.
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